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1. INTRODUCTION

In FE-E-83 project, we studied the fate of TDI in water
under two typical conditions that postulate the accidental

release of TDI into aquatic environment. On the basis of Tthe
results obtained in FE-E-63 project, the mechanism of the fate of

TDI in water was discussed in present report.

2. FEATURES OF THE FATE OF TDI IN WATER

Following features were obtained as to the fate of TDI in
water from FE-E-63 studies. (These features were obtained <{ron
the experiments carried out at 1000 mg/l of nominal concentration

of TDI unless otherwise noted.)

2.1 Disappearance rate of TDI

(1) Vigorous stirring experiment

Under vigorous stirring condition, the disappearance ratc of
TDI was slowed down with increasing concentration of TDI: From
Figure 1 1in the report of Part 1, the half 1l1lives of the
disappearance of TDI were about 0.7 and 1.6 hours for 1000 and
10000 mg/l of nowinal concentration of TDI, respectively, &°d
they were less than 0.5 hours for 10 and 100 mg/l.

The disappearance rate was also dependent on isomers of TDI:
it was about 3 times higher tor 2,4-7TDI than for 2,6-TDI.

(2) Static experiment
Under static condition, the disappearance rate was
significantly dependent on test substance: the half life period
of T-0 was slower by a factor of more than fifteen than for T-




100 (they were about 5.2 and 82 days for T-100 and T-0,
respectively).

The disappearance rate for T-80 was nearly the same as T-100
for the initial period until about 10 days. but it was s'owed
down largely after that.

2.2 ¥inetics of the disappearance of TDI

(1) Vigorous stirring experiment
The disappearance curves for T-100 (2,4-TDI) and T-0 (2,6~

TDI) were interpreted by first-order kinetics:

kt

Rt = RO e_

InR; = lnRO - kt eqg.1

where R;, Kk are the residual TDI concentration at time 1 and
first-order rate constant.

Figure 1 shows the logarithm of residual TDI concentration
versus time plots for T-100 (2,4-TDI) and T-0 (2,6-TDI) and
Figure 2 shows the regression curves to the fi:st-order
equation (eq.l1) for both test substances.

Table 1 shows the first-order rate constants and the
coefficients of determination of the regression analysis. All
data were fitted satisfactorily to the curves and the
coefficients of determination were high enough to interpret data
bty the first-order kinetics if a small number of data is taken
into account.

On the other hand,data for 2,4-TDI and 2,6-TDI in T-80 were,
as the whole, fitted poorly to the first-order kinetics, but if
datum at 3 hours or 8 hours was neglected in regression analysis
they were fitted satisfactorily to first-order kinetics. Figure 3
shows the regression curves calculated for data until & hours and

Table 1 shows the first-order rate constants for two isomers 1in




Table 1 Results of regression analyses by first-order kinetics
Data at 8 and 24 hours were ignored in regression

analysis for T-80.

Test substance rate constant Coefficient of
(s ]

(/hour) determination, r~

T-100(2,4-TDI) 1.06 L
T-80 (2,4-TDI) . . 985
T-80 (2,6-TDI) i . 996
T-0 (2.6-TDI) . . 995

In (Rasidual TDI)

Figure 1 Semi-logarithm plot of percent residues of T-100 (0) and
T-0 (@)
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Figure 3 Reg ession curves for the disappearances of 2,6-TDI (@)
and 2,4-TDI (0O) in T-80




T-80. The rate corstants for two isomers in T-80 were

approximately consistent within experimental error.

(2) Static experiment
T-0 and T-100 disappeared linearly with time, which
indicate that TDI disappeared obeying the =zero-order kinetics.
The zero-order rate constant of T-0 was smaller by a factor of
more than fifteen than for T-100.
On the other hand, the disappearance curve of total T-80 had
two phase characteristics, the first phase obeying apparently the

first-order Kinetics with nearly the same rate as 7T-100.

2.3 TDA production

(1) Vigorous stirring experiment

The concentration of TDA increased with time and reached to
constant value at the end of test for three test substances. More
than 80% of the final amount of TDA were produced within 0.5
hours, at which more than 70% of the substance remained
unchanged. Final concentration of TDA increased only by a factor
of 6.3 when nominal concentration of TDI was increased 1000
times: they were 4.34 and 27.5 mg/l1 at 10 and 10000 mg/l of the
nominal concentration of TI.[, respectively. Molar percent of TDA
to total TDA anticipated from the nominal concentration of TDI

decreased with increasing the nominal concentration of TDI

(Figure 4). Final concentration of TDA in T-0 was about two times
higher than that in T-100.

(2) Static experiment
TDA concentration increased with time and reached to the
constant values for three test substances. Final concentrations
of TDA were about 17, 16.5 and 10 mg/1 for T-100, T-80 and T-0,
respectively. These values are less than 0.16% of total TDA
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anticipated from the nominal concentration of THI..

2.4 Water-soluble reaction product

Total amount of water-soluble reactjion product was estimated

from dissolved organic carbon (DOC). Under vigorous stirring
condition, more than 70% of final DOC was produced within 0.5
hours similarly to TDA for three test substances. The final
concentration of DOC became approximately the same values
for three test substances.
The percentages of TDA in DOC were 28.2, 32.8 and 29.1% for
T-100, T-80 and T-0, respectively.
For T-100, mono-urea and di-urea were identified as water-

soluble product and 79% of DOC were comprised of TDA, mono-urea
and di-urea.

2.5 Water-insoluble reaction product

The polymerization reaction of water-insoluble product was
in progress for T-100 at 8 hours, at which TDI disappeared
completely. The number average molecular weight and weight
average one of final product were 1.17x103 and 5.58x103.
respectively.

3. WHAT KINDS OF REACTION OCCURRED AND WHERE IT PROCEEDED

Before investigating the mechanism of the fate of TDI in
water, it must be made clear that what kind of the reaction
occur and where it proceed when TDI is put into water.

8




A series of the reaction occurred in water was initiated by
the reaction of isocyanate group .1 TDI with water to produce the
corresponding amine (react.l), which was followed by the
1 'actions between another isocyanate group in TDI and water to
produce TDa (react.3') and between amino group and isocyanate
one in another TDJ to produce cligourea or polyurea compounds
(reacts.2 and 4) and so on.

TDI+ Hy0 > NCO-T-NH, + CO,
TDI + U-NH, ——> NCO-T-NHCONH-U
U-NCO + Hy0 > U-NHp + CO,
NCO-T-NH, + Hy0 > TDA + CO,
U-NCO + U-NH, > U-NHCONH-U'

where T is toluene residue and U is the residue cf all reaction
products of TDI containing aminotoluene, oligourea and polyurea.

TDI disappears through reactions 1 and 2 and then the
disappearailce rate is given by equation 2 if the rate constants

of reaction 2 are the same irrespective of the kind of residue U.

Disappearance rate
= Kk 1(TDIJ{H20) + kQ(TDI)(U—NHz}

where kl and k2 are rate constants of reactions 1 and 2, respec-
tively. On the other hand, TDA and urea are produced through
reaction 3' and through reactions 2 and 4, respectively.

Since TDI 1is scarcely soluble in water (the approximate
solubility was ectimated in FE-E-93 project), there are two

phases of TDI, water and suspended particle phases, which differ

in the disappearance rate of TDI because (TDI), {Hzc} and (U-NH,)

in equation 2 are different between two phases. The latter phase
is further classified into two phases, the inner phase in

suspended particle and interface one between suspended particle

9




and w «c¢r, from Lhe view point of reaction kinetics between TDI
and water because the effective (H,0) is different between two
phases. Accordingly there exist three phases which differ in the
disappearance rate of TDI namely water phase. inner phase of

suspended particle and Interface phase between suspended particle

and water. In water phase, (TDI) is very small and (HQO} is very

large, while in inner phase of suspended particle, (TDI) is very
la "ge and (lip0) is very small. Then the disappearance rates cof
TDI ir. water and TDI phases are limited by the concentrations of
TDI and water, respectively. On the other hand, in the interface
phase it s expected that the effective concentrations of water
and TDI (o participate in the rewuctions are higher than those in
water and inner phases because water and TDI are mixed
dynamically in this phase and consequently the disappearance rate

of TDI becomes larger compared to both phases.

4. PROPOSED MECHANISM FOR REACTICN OF TDI IN WATER

Taking into account the consideration described above, the
mechanism of the fate of TDI in water is studied here.
Following two problems must be made clear:
- Which reaction in the reaction 1 to 4 is the rate determining
one in the disappearance reaction of TDI in water ?

- In which phase of three phases does it proceed ?

4.1 Vigorous stirring experiment

Proposed mechanism must be able to explain the 1ollowing

features observed in FE-E-63 project:

a. Disappearance reaction of TDI obeyed first-order kinetics.

10




Disappearance rate of TDI slowed down with increasing
concentration of TDI.

Most of TDA were produced in the period for which most of TDI
remained unchanged.

Molar percent of TDA to total TDA anticipated from the nominal
concentration of TDI decreased with increasing nominal
concentration of TDI.

The feature c¢ indicates that the disappearance reaction of

TDI and the production one of TDA proceed mostly in separate
phase because if these reactions procezad in the same phase, 1t
> thought that the concentration of TDA increases in inverse
oportion to one of TDI. Since TDA is producea by successive two
recactions of TDI with water, it is difficult to regard the inner
phase of suspended particle as the reaction ph-se of TDA
production because in this phase, aminotolueneisocyanate -roduced
by the first reaction with water 1is easier to react with
isocyanate group in another TDI than with water. It is reasonable

to expect that TDA is mainly produced in the interface phase

L
because the solubility of TDI in water is small by a factor of

about 100 than final colcentration of TDA from the result of FE-
E-93 project.

During the per.~.d for most of TDI to disappear, TDA
concentration increased slightly. This observation suggests that
the disappearance reac-ion of TDI proceeded mainly in the inner
phase of suspended particlie because in this phase, amino group is
easily to react with isocyc.iate one in another molecules and then
TDA is difficult to be pnroduced.

Taking into account these consideration, the following
reaction mechanism 1is proposed as the reaction phase and the
reaction path for the disappearance of TDI and the production of

TDA under vigorous stirring condition.




Proposed mechanism

Reaction proceeded in following two steps:
First step: TDI in interface phase react with water to produce
TDA and water-soluble reaction products.
Second step: TDI in inner phase of suspended particle react with
water dissolved in the phase to produce mainly

water- nsoluble reaction products.

The variation of molar percent of TDA production in Figure 4
can be explained by this mechanism as follows: since it is
thought that the particle size of suspended particle of TDI in
water increase with increasing nominal concentration of TDI, the
ratio of interface area to the nominal concentration of TDI
decreased and consequently molar percent of TDA production
decreased with increasing nominal concentraticn of TDI because
most of TDA are produced by the reaction between TDI in interface
phase and water in proposed mechanism.

The result of FE-E-63 project shows that the disappearance
reaction of TDI is the first-order one, which indicates that the
value of kl(Hzo) + kz(U—NHQ) in eq.2 in the 1inner phase of
suspended particle was constant during whole test period. This
condition 1is satisfied, for example, if reactions 2 and 4 are
faster than reactions 1 and 3 and then the concentration (U-NHp)
was kept to be apparently constant or if the value of k (H;0)

was much larger than that of k2{U—NH2) during whole test period

because it 1is considered that the concentration (HZO) in the
inner phase was constant during whole test period.




4.2 Static experiment

The features of the reaction of TDI under static condition
as follows:

a. The disappearance of TDI is zero-ord«r reaction.
Similarly to vigorous stirring experiment, the production
reaction of TDA in water preceded the disappearance of TDI.

The same considerations as for vigorous stirring condition
is wvalid for static one with regard to the reaction phase and
reaction path of TD1 disappearance and TDA production and then it
is thought that at the first step, TDI in interface phase react
with water to produce TDA, followed by the disappearance of TDI
in the inner phase of suspended particle of TDI to produce water-
soluble reaction product.

Since TDI in the inner phase react with the water which |is
permeate into the inner phase through the intertace between water
and TDI phases, two mechanisms for the disappearance reaction of
TDI under the static condition, homogeneous and heterogeneous
reactions, are supposed: if the permeation rate of water into TDI
phase 1is slower than the reaction rate of TDI with water, the
disappearance reaction of TDI proceed heterogeneously frcm water-
TD1 interface to the inner of TDI phase parallel to the

permeation of water from water phase to TDI phase. Reversely if

the permeaticn rate 1is faster than the reaction onpe, the
disappearance of TDI and the production of urea bond proceed
homogeneously in TDI phase.

In order to determine whether the disappearance reaction of
TDI proceed homogeneously or heterogeneousl” in TDI phase, the
following preliminary experiment was carried out: T-80 was placed
in glass tube of 8 mm in diameter and 50 cm in length by a hcight
of about 30 cm and water was laid on it by a height of about 10

cm with caution so as not to disturb the interface and the

13
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reaction of TDI in TDI layer with water was observed. A: - 24
hours, -white reaction product was produced uniformly in TDI
l~yer. This result indicates that the reaction of TDI with water
proceed homogeneously in TDI phase. It was also observed in the
static experiment of FE-E-63 project that residual TDI was
changed uniformly in color from transparence to white even when
more than 50% of TDI remained unchanged.

These results support the homogeneous reaction of TDI dis-
appearance in TDI phase under static condition.

If the homogeneous reaction of TDI in TDI phase can be
applied to the static experiment. (TDI){k ,(H90) + k,(U-NHy)} in
eq.2 was constant during whole test period because the
disappearance reaction of TDI obeyed to zero-order kinetics. This
condition is satisfied, for example, if the value of k ;(Hp0) is
much smaller than one of k,(U-NHy) and the concentration (U-NHj)

is inversely proportional to the ccncentration (TDI).

In this report, TDI phase was considered as the reaction
phase for the disappearance of TDI under both test conditions,
but the rate and order of the disappearance reaction under both
conditions were different. The difference in the order of the
reaction 1s explained, for example, as follows: under the
vigorous stirring condition, since TDI is suspended in small
particle, the distance between the inner and interface phases of
TDI is shorter and then water molecuie in the inner phase is more
easily exchanged with one in water phase by Brownian movement
than for static condition. Accordingly it is thought that the
effective concentration of water in the inner phase under
vigorous stirring condition is larger than under static one,
which result in the acceleration of the disappearance rate of TDI
in the inner phase and in variation of the reaction order. The
difference in kinetic patterns of disappearance rz2action of TDI
under bLoth conditions, however, is difficult to be explained
completely only from the data obtained in FE-E-63 project.

14



The disappearance rate of TDI differed about three
times between two isomers in T-0 and T-100, but those of two
isomers in T-80 were identical. These results are explained as
follows: The rate constants for reactions 1 to 4 are dependent on
the chemical structure of the isomer, but the wur:za formation
reactions (reactions 2 and 4) occur not only between the same
isomers but also between the different isomers and then the

disappearance rates of two isomers in the mixture became identical.

5. EFFECT OF TDI ON AQUATIC ENVIRONMENT

TCI 1is transformed to various reaction products in water
such as TDA, oligourea and polyurea. Of these reaction products,
water-soluble one is major species that affect aquatic
environment. If the proposed mechanism is applicable to the fate
of TDI 1in natural environment, the majority of water-soluble
reaction gproduct 1is produced by the reaction of TDI in the
interface phase with water and then the produced amount of it |is
proportional to the interface area. From the result of FE-E-63
project, the produced amounts of TDA per cm? of the interface
area were 1.1, 1.1, 0.67 mg for T-100, T-80 and T-0,
respectively.

Provided all TDI in the interface phase is converted to TDA,
the thickness of interface phase is estimated from the produced
amount of TDA, the interface area and the density of TDI using
the following equation:

P x M
Thickness =

A xidx M

where P 1is total amount of TDA produced, A is total area of

15




interface, d 1is the density of TDI and M and M' are molecular
weights of TDI and TDA, respectively.
The thickness of interface phase was 13 um for T-100.

When TDI is spilled into aquatic environment, the amount of
TDA produced can be estimated from total area of water-TDI
interface and the thickness of interface phase obtained in this
study if the assumption hold.

It 1is observed in FE-E-63 project that 79% of water-soluble
reaction product of TDI we.e composed of TDA, mono-urea and di-
urea in T-100. Since these substances are possible compounds to
affect the aquatic environment, it is necessary to assess the

fate and hazardous effect of these ccmpounds on the environment.

6. Further study for the establishment of mechanism

The following data are required to make clear the mechanism
of the fate of TDI in water.

(1) The relationships between the disappearance rate of TDI and
the water-TDI interface area and between the amount of TDA
produced and the water-TDI interface area.

Molecular weight distribution of water-insoluble reaction

product under static condition.

Particle size of the suspended particle of TDI under vigorous
stirring condition.

The permeation rate of water into TDI layer if possible.

Idercification of water-soluble reaction product other than
TDA in vigorous stiriring experiment of T-0.
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